Abstract: Osteogenesis imperfecta (OI) is a connective tissue disorder that is characterized by low bone density leading to recurrent fractures. The efficacy of the anti-resorption drug denosumab for OI with osteoporosis is still largely unknown. We herein describe the clinical outcomes of eight osteoporotic cases of OI to examine the effects and safety of denosumab. This retrospective, consecutive case series included eight patients respectively aged 42, 40, 14, 22, 3, 51, 37, and 9 years. We measured the bone mineral density (BMD) of the lumbar 1-4 spine (L-BMD) and bilateral hips (H-BMD), bone-specific alkaline phosphatase, urinary type I collagen amino-terminal telopeptide, and tartrate-resistant acid phosphatase 5b before and during denosumab therapy. Despite multiple pretreatment fractures in the cohort, no fractures or severe side effects, such as hypocalcemia, were observed during the observational period apart from a fracture in a young pediatric girl. Both L-BMD and H-BMD were increased by denosumab in seven of eight cases. Bone turnover markers were inhibited in most cases by denosumab therapy. Denosumab treatment could generally raise BMD without any adverse effects. The agent therefore represents a good therapeutic option for OI with osteoporosis.
Introduction
Osteogenesis imperfect (OI) is a connective tissue disorder that is characterized by low bone density, recurrent fractures, and a wide genotypic and phenotypic spectrum of impaired collagen type I production [1] . OI is a rare disorder (1 in 15-20,000 births) and features skeletal fragility and substantial growth deficiency [2] . The clinical classification of OI was established in 1979 [3] , which was later revised by van Dijk and Sillence in 2014 [4] . Among OI subtypes, type I is relatively mild and the most common. Type II OI causes death in the perinatal period, while type III induces obvious bone deformities and short stature due to frequent fractures [3, 4] .
Even in type I OI, it is important to treat bone fragility to reduce the risk of severe fractures that can diminish patient quality of life and activities of daily living. Intravenous bisphosphonate (BP) infusions for OI are the most broadly used medical treatment [5, 6] . BPs can decrease long-bone fracture rates, but such injuries remain frequent [7] . In a clinical trial of the BP risedronate for OI, the mean increase in lumbar bone mineral density (L-BMD) at one year was 16.3%, although fractures occurred in 29 (31%) of 94 cases. At two years of therapy, fractures were recorded in 46 (53%) of 87 cases [8] . Thus, new antiresorptive drugs, such as denosumab, and anabolic agents are being investigated for OI with osteoporosis.
Denosumab is a fully human monoclonal antibody against receptor activator of nuclear factor-κB ligand, a mediator of osteoclastogenesis and osteoclast survival [9] . Subcutaneous injections of denosumab have been proposed as an alternative treatment approach for osteoporotic OI. Denosumab decreases bone resorption, increases BMD, and reduces fracture risk in postmenopausal women with osteoporosis [10] . We and others have recently reported that denosumab also improves bone fragility in children with OI and osteoporosis [11] [12] [13] [14] . However, the precise efficacy and adverse effects of denosumab in OI are largely unknown, especially in pediatric cases.
This study retrospectively investigated eight patients with OI and osteoporosis to clarify the utility and safety of denosumab on bone fragility treatment.
Materials and Methods
Seven consecutive female patients and a male patient diagnosed as having OI began treatment with denosumab for bone fragility. All patients had osteoporosis meeting the revised criteria established by the Japanese Society of Bone and Mineral Research [15] , and most had experienced multiple fractures prior to denosumab therapy. Fracture event data were collected at every visit for each patient. The characteristics of the patients are summarized in Table 1 
Analysis of BMD
All subjects underwent dual-energy X-ray absorption (DXA) fan-beam bone densitometry (Lunar Prodigy; GE Healthcare Bio-Sciences Corp., Piscataway, NJ) at the lumbar 1-4 levels of the posteroanterior spine (L-BMD) (g/cm 2 ) and total hips (H-BMD) (g/cm 2 ) before and during denosumab administration. Timing period of BMD measurement after the start of denosumab therapy in each patient was approximately unified throughout the study period.
Analysis of Laboratory Data
Serum calcium was measured by the Arsenazo reaction and phosphorus was measured by the molybdate reaction. As a bone formation marker, bone alkaline phosphatase (BAP) (µg/L) was measured by a chemiluminescent enzyme immunoassay. As bone resorption markers, urinary N-terminal telopeptide of type-I collagen (NTX) (nmol BCE/ mmol Cr) and tartrate-resistant acid phosphatase 5b (TRACP-5b) (mU/dL) were assessed by an enzyme-linked immunosorbent assay. Values of 1-alpha, 25-dihydroxyvitamin D3 (1, 25 [OH] 2 D) (ng/mL) and parathyroid hormone (PTH) (pg/mL) were determined by immunoradiometric assays. After overnight fasting and omission of the first morning samples, serum and urine specimens were collected between 8:30 a.m. and 11:00 a.m. Immunoassays were performed by SRL, Inc. (Tokyo, Japan). BMD and laboratory data were evaluated before, between 2 and 4 months, and at 6, 12, 18, and 24 months of denosumab administration unless otherwise indicated.
Ethical Approval
This investigation was approved by the Institutional Ethical Review Board of Shinshu University School of Medicine, Japan, prior to its initiation. Written informed consent was obtained from all subjects and the mother of the 3-year-old patient. Study methods were carried out in accordance with the approved guidelines.
Results
OI type according to Sillence's classification was type Ib in Patients 1 and 5, type I similar in Patients 2 and 3, and type Ia in the remaining patients (Table 1) , and was characterized by blue sclerae, premature deafness, mild to moderate bone fragility, and normal teeth. Patient 6 suffered from deafness in our cohort.
One incident of fracture, in Patient 5, was recorded at 11 months after the start of denosumab therapy (Table 1 ). Both L-BMD and H-BMD became increased in seven of eight cases ( Figure 1 ). Serum albumin-corrected calcium levels during denosumab administration were stable in this cohort, with no hypercalcemia representing rebound inhibition of bone resorption ( Table 2) . No severe adverse effects were observed in this study.
The radiological and laboratory findings are summarized in Tables 3 and 4 . BMD generally increased in all patients. In Patients 2, 3, and 8, bone metabolism was strongly inhibited by denosumab treatment and 1,25 (OH) 2 D was sharply increased at 1 month of administration.
Genetic analysis revealed a missense mutation in the COL1A1 gene encoding the collagen type I alpha 1 chain in Patients 1 and 5, a missense mutation in the COL1A2 gene encoding the collagen type I alpha 2 chain in Patient 4, and a nonsense mutation in the COL1A1 gene in Patients 6, 7, and 8. No mutations were detected by next generation sequencing of OI responsibility gene regions, including COL1A1, COL1A2, SERPINF1, and IFITM5 in Patients 2 and 3. Their detailed clinical and molecular information will be described in another series (Table 1 ). 
Case Highlights
The changes in BMD (Figure 1 ), laboratory findings (Figure 2) , and bone markers ( Figure 3 ) were plotted for each patient. In Patient 1, BAP, TRACP-5b, and NTX all transiently increased while 1,25 (OH) 2 D temporarily decreased. In Patient 2, 1,25 (OH) 2 D became increased at one month and gradually decreased. BAP was decreased for 18 months and increased thereafter. Urinary NTX was mostly maintained and TRACP-5b was decreased at one month. Both L-BMD and H-BMD increased during observation. In Patient 3, 1,25 (OH) 2 D became increased at one month and gradually decreased. BAP was decreased, while urinary NTX was increased at six and 30 months. TRACP-5b was decreased at one month but fluctuated thereafter. Both L-BMD and H-BMD increased throughout treatment. In Patient 4, serum albumin-corrected calcium fluctuated; 1,25 (OH) 2 D was increased for three months, and then decreased thereafter. Serum whole PTH was generally increased for 12 months. BAP was continuously decreased. Urinary NTX was decreased at one month, and then gradually increased. TRACP-5b became persistently decreased at one month. L-BMD gradually increased. In Patient 5, serum albumin-corrected calcium was decreased at one month but increased thereafter; 1,25 (OH) 2 D, whole PTH, BAP, and urinary NTX were persistently decreased. There were no remarkable changes in TRACP-5b. Serum albumin-corrected calcium was mildly increased; 1,25 (OH) 2 D was increased at one month and decreased thereafter. Serum whole PTH was unaffected for six months but increased at 12 months. BAP decreased for three months and stabilized thereafter. Urinary NTX was decreased at one month, and then fluctuated around baseline. TRACP-5b was greatly decreased. L-BMD was decreased at 12 months, while H-BMD was increased. In patient 6, serum albumin-corrected calcium was decreased but 1,25 (OH) 2 D was increased at one month. BAP, urinary NTX, and TRACP-5b were decreased for 12 months. L-BMD was decreased at 12 months but H-BMD was increased for 12 months. In Patient 7, 1,25 (OH) 2 D was mildly increased. Serum whole PTH was increased for three months. BAP was continuously decreased. Urinary NTX and TRACP-5b were markedly decreased at one month. L-BMD and H-BMD increased. In Patient 8, serum albumin-corrected calcium was greatly decreased at one month; 1,25 (OH) 2 D was markedly increased at one month and decreased thereafter. Serum whole PTH spiked at one month, and then decreased. BAP and urinary NTX were decreased at one month and increased thereafter. TRACP-5b was greatly decreased at one month but then stabilized. L-BMD and H-BMD increased. 
Discussion
This case series including long-term denosumab therapy (over 30 months in five cases) for osteoporotic OI is the first of its kind in Japan. Since Patients 1, 2, 5, 6, and 8 had suffered repeated fractures prior to the start of this study and refused BP therapy due to reflux esophagitis, denosumab was selected as the first therapeutic modality. Patients 3, 4, and 7 had previously been treated with BPs and switched to denosumab due to a poor response. BMD was increased overall, and no fractures were observed in seven of eight patients. Patient 5 experienced a proximal femoral neck fracture during the observation period despite remarkable gains in BMD. Since she was an active 3-year-old girl, the risk of fracture in pediatric cases might be higher than in older OI patients [16] .
As osteoporosis complicates many cases of OI, adequate and appropriate treatment is required for this condition. The low BMD typically present in OI is considered to be caused by high bone resorption [4] . Most patients with severe clinical OI symptoms are treated with pamidronate, risedronate, and other intravenous BPs [5, 6] . However, poor responses to these drugs have been reported [7] , necessitating alternative treatments for OI with osteoporosis, especially to prevent fragility fractures. OI-related fractures chiefly occur between childhood and puberty [16] . Patient 3's height increased from 159 cm to 161 cm at two years of therapy, indicating that her growth was unaffected by denosumab. It was noteworthy that she had suffered multiple fractures in spite of earlier BP administration. The remaining patients had also experienced repeated fractures despite reaching adulthood. Since no fractures were noted for seven of eight patients during denosumab treatment, the drug appears to be effective for OI patients at high fracture risk.
In our series, BMD increased soon after denosumab administration and remained improved during observation in all cases except Patient 6. She was post-menopausal at denosumab commencement, which might have explained why her L-BMD did not increase but her H-BMD did. The mechanism for this discrepancy is unknown, but may become clear after longer follow-up. Patients 2 and 3 had relatively high baseline BMD values but also repeated fractures prior to treatment. Thus, the modest increases in BMD in our cohort were thought to have partly resulted from originally high BMD. Overall, however, denosumab may improve BMD and decrease fracture risk in OI patients with osteoporosis.
Bone formation and bone resorption markers were both generally improved by denosumab in Patients 2 and 3, which was in line with other reports [11, 17, 18] . Patients 4, 5, 6, 7, and 8 also showed improvements. The causes of elevated BAP and TRACP-5b in Patient 1 are currently unknown. In most cases (Patients 3, 4, 6, 7, and 8), serum albumin-corrected calcium levels were markedly decreased at one month, while serum 1,25 (OH) 2 D levels were greatly increased at one month. Serum whole PTH was remarkably higher in Patients 3 and 8 at one month of treatment but relatively constant in the remaining cohort. Serum urinary NTX levels were decreased in most cases at one month, although Patient 3 showed a spike at 30 months by yet unknown mechanisms. Taken together, bone formation and bone resorption markers improved, serum albumin-corrected calcium was increased at one month, and serum 1,25(OH) 2 D and urinary NTX were greatly decreased at 1 month by denosumab administration.
Bone metabolism differs between adults and children [9] . L-BMD and H-BMD were both increased in pediatric Patients 5 and 8. In a related report, there was a significant increase in L-BMD percent change after 48 weeks of denosumab with no alterations in mobility parameters or serious adverse events [14] . Thus, denosumab therapy during childhood might be more beneficial since BMD increases tended to be higher than those in the adult OI patients.
We previously reported on the effects of denosumab on growth in children [11] . Although the observational period was short, this was the first study on the results of denosumab for OI with osteoporosis. In our adolescent Patient 3, no apparent growth disturbance was observed as her height increased from 159 cm at the first administration to 161 cm at two years and she was within the normal age-based height range. The height of Patient 5 was 90.2 cm prior to treatment and 96.3 cm at one year. In Patient 8, it was 111.7 cm prior to therapy and 125.8 cm at one year. These findings support that denosumab can be considered for pediatric cases from the viewpoint of no growth disruption.
The majority (>90%) of patients with OI have autosomal dominant variants in COL1A1/COL1A2 that lead to defects in type 1 collagen. In our study, mutations in COL1A1/COL1A2 were harbored by 6 of 8 patients. Hoyer-Kuhn et al. also described a heterozygous mutation in the coding region of the interferon-induced transmembrane 5 (IFITM5) (c.-14C > T) gene, an underlying cause of OI type V [14] . Jin et al. reviewed that OI type VI was caused by mutations in serpin peptidase inhibitor, clade F, member 1 (SERPINF1), the gene coding for pigment epithelium-derived factor (PEDF) [19] .
In our cohort, Patients 2 and 3 exhibited no remarkable mutations using a next generation sequencer; there is a possibility that they possessed other gene mutations such as those listed above.
Hypocalcemia was absent in all patients during therapy apart from Patient 8 at one month. The reasons for this finding are unknown since denosumab is considered to decrease serum calcium levels in the initial treatment period as a consequence of the inhibition of bone turnover. However, we earlier reported no significant changes in serum calcium in a denosumab monotherapy group and in a denosumab with vitamin D and calcium supplementation group during observation [20] .
Perhaps most strikingly, our cohort had experienced multiple fractures before denosumab treatment, but none were recorded during the administration period in 7 of 8 patients. This suggested that denosumab exerted fracture preventative and BMD increasing effects in OI patients with osteoporosis. Since denosumab discontinuation causes a marked decrease in BMD [21, 22] , BPs and other alternative treatments are recommended after its cessation.
Limitations
The limitations of the current study include its limited size, lack of a control group, lack of 25-Hydroxyvitamin D measurements, short observation period for some patients, and retrospective design. Nonetheless, our case series provides evidence of good BMD response and fracture prevention by denosumab treatment for OI with osteoporosis.
Conclusions
This study is the first long-term treatment case series of denosumab for osteoporotic OI patients in Japan. Denosumab is well tolerated and provides generally good responses in BMD and bone turnover markers along with possible fracture prevention in OI patients with osteoporosis, and thus represents a good treatment option for such cases. Funding: This research received no external funding.
